Purpose: The ability to accurately predict skin doses and thereby design radiotherapy treatments that balance the likelihood of skin reactions against other treatment objectives is especially important when hypofractionated prescription regimes are used. However, calculations of skin dose provided by many commercial radiotherapy treatment planning systems are known to be inaccurate, especially if the presence of immobilization equipment is not accurately taken into account. This study proposes a simple method by which the accuracy of skin dose calculations can be substantially improved, to allow informed evaluation of volumetric modulated arc therapy (VMAT) treatment plans.
| INTRODUCTION
As radiotherapy treatment complexity and precision increases, so does the need to ensure that patients are in reproducible and stable positions during treatment delivery. Immobilization equipment (vac bags, thermoplastic masks, belts etc.) is increasingly being used during radiotherapy treatment and commercial radiotherapy treatment planning systems (TPS) are known to produce inaccurate calculations of surface dose from megavoltage photon beams, [1] [2] [3] [4] [5] [6] [7] even without the involvement of immobilization equipment.
Immobilization equipment can produce a skin dose enhancement effect from megavoltage photon treatments due to the buildup of scattered and photo-electrons. 8 For example, skin dose from a 6 MV photon beam can be increased by up to 22% and 43% due to 2.5 and 10 cm thick vacuum bags, respectively. 9, 10 Carbon fiber couch tops contribute significantly to skin dose for VMAT plans with one study reporting skin doses as high as 81% of the prescription dose in regions of couch involvement. 11 Thermoplastic immobilization for breasts has been demonstrated to produce an increase in skin dose upwards of 62%. 12 Overall, the dose enhancement effects of couches and immobilization equipment are well documented 13, 14 but TPS-specific tools of management thereof are not, especially for VMAT.
Undesired dose enhancements are difficult to avoid and are especially important when VMAT treatments are used due to the substantial proportion of arc delivery through couch, vac bag, or other immobilization systems 14 -effects that may have traditionally been avoided through careful selection of beam arrangement in static gantry treatments. This is exacerbated when treatments are delivered via hypofractionated regimes such as stereotactic ablative body radiotherapy (SABR or SBRT) and stereotactic radiosurgery (SRS) due to the increased fractionated dose delivery to "early responding"
skin. 15 SBRT treatments have produced grade 3-4 skin reactions in lung cases 16, 17 and grade 1-2 reactions in spine cases. 
The effective depth of measurement of EBT film is 0.2 mm (i.e., within the film/skin contour) and PDD correction factors can be applied to film readings for a particular depth of interest based on the buildup PDD. 7 However, the magnitude of these corrections is largely diminished when surface film is also exposed to exit dose from another beam or opposite side of a VMAT arc. 7 The corrections are also field size-dependent 7 and application is confounded by the apparent disagreement in the literature regarding the true value of surface dose. 1, 7, 26 In addition, the experimental setup in this study fractions, according to recommendations of RTOG 0618. 27 Organs at risk were also contoured in a realistic manner and given constraints according to RTOG 0618. Like the CIRS phantom reference measurements, the ART phantoms skin structure was created using the established method of contouring a 5-mm thick ring of tissue beneath the external surface contour. 1, 20 After the VMAT treatment plans had been created and the resulting doses calculated, the skin doses calculated by the TPS were modified according to the following procedure. The calculation grid used for the VMAT dose calculations was restricted to cover only one of the regions, g 1 to g 5 (as shown in Fig. 2) , at a time. The number of monitor units (MU) used in the treatment were scaled with the correction factor identified using the film measurements on the CIRS phantom, for the region being calculated. The volumes of skin exposed, v x;gi , to doses of x Gy (in this case, 2.6, 6.5 and 13 Gy, corresponding to a Grade 1, 1-2, and 2-3 reactions, respectively, for 3 fraction SBRT 28, 29 ) were recorded and summed over the calculation regions g i to calculate V x according to eq. (2). For example, if the region g i had a correction factor of c gi and the treatment had a prescription of y MU then for calculation of grid g i , the number of monitor units was changed to c gi Â y and v x;gi was extracted accordingly. eference arc with g i defined and film measurement locations indicated on the surface.
Wang et al. 1 and Lee et al. 20 These were in turn compared to dose volume values derived from the in vivo film measurements of the SBRT lung treatments on the ART phantom, in order to surmise which method was the most accurate. regions in rows, to add many small square grids all around the patient contour, so that c gi are asymmetrical. Alternatively, the method can 
| RESULTS
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